The OREOcube (ORganics Exposure in Orbit cube) experiment on the International Space Station (ISS) will investigate the effects of solar and cosmic radiation on organic thin films supported on inorganic substrates. Probing the kinetics of structural changes and photomodulated organic− inorganic interactions with real-time in situ UV−visible spectroscopy, this experiment will investigate the role played by solid mineral surfaces in the (photo)chemical evolution, transport, and distribution of organics in our solar system and beyond. In preparation for the OREOcube ISS experiment, we report here laboratory measurements of the photostability of thin films of the 9,10-anthraquinone derivative anthrarufin (51 nm thick) layered upon ultrathin films of iron oxides magnetite and hematite (4 nm thick), as well as supported directly on fused silica. During irradiation with UV and visible light simulating the photon flux and spectral distribution on the surface of Mars, anthrarufin/iron oxide bilayer thin films were exposed to CO 2 (800 Pa), the main constituent (and pressure) of the martian atmosphere. The time-dependent photodegradation of anthrarufin thin films revealed the inhibition of degradation by both types of underlying iron oxides relative to anthrarufin on bare fused silica. Interactions between the organic and inorganic thin films, apparent in spectral shifts of the anthrarufin bands, are consistent with presumed free-electron quenching of semiquinone anion radicals by the iron oxide layers, effectively protecting the organic compound from photodegradation. Combining such in situ real-time kinetic measurements of thin films in future space exposure experiments on the ISS with postflight sample return and analysis will provide time-course studies complemented by in-depth chemical analysis. This will facilitate the characterization and modeling of the chemistry of organic species associated with mineral surfaces in astrobiological contexts.
INTRODUCTION
1.1. Motivation: Relevance of Photochemical Processing of Organics in Outer Space. Ground-and space-based astronomical observations have identified more than 180 different types of molecules in our own as well as distant galaxies, many of them carbonaceous in nature. 1−3 Carbonaceous materials are found in gaseous and solid form and include polycyclic aromatic hydrocarbons (PAHs), nanodiamonds, and fullerenes. Complex carbon molecules that are formed in interstellar clouds and circumstellar environments evolve and are integrated into star-system material during stellar and planetary formation processes. Some of the "leftover" material from the formation of our solar system (i.e., not integrated into planets) was carried to young planetary surfaces, including Earth's after it cooled and solidified, by asteroids, comets, and their fragments, 4, 5 delivering substantial amounts of the carbonaceous raw materials important for life. 6, 7 Among the organic compounds found in meteorites are purines, pyrimidines and polyols, fatty acids, and amino acids, all precursor molecules for life. 3, 8, 9 Because of the role of photochemical reactions in the formation, processing, and destruction of such cosmic carbonaceous compounds prior to their arrival on Earth, the study of the reactions, destruction, and longevity of these organics in the space environment is of fundamental interest. 10 The search for biomarkers that might reveal extant or extinct life on other solar system bodies also engenders interest in the outer space longevity of organic molecules characteristic of life as we know it.
While the solar spectrum can be partly reproduced in the laboratory, it is quite challenging to faithfully create the entire radiation spectrum including the appropriate levels of vacuum ultraviolet and to maintain this radiation at appropriate intensities for weeks, months, and longer in the laboratory in order to study the often-slow degradation of organics in an artificial space "environment". 11, 12 Furthermore, it is impossible to simultaneously subject the organic materials to the complex ionizing cosmic radiation environment of outer space, which is composed of multiple particle types, each with its own unique energy spectrum and which may contribute in some cases to the overall processing of organics in the space environment.
To provide a completely accurate outer space environment for extended durations, exposure experiments in low Earth orbit have been conducted in the last decades in order to examine the consequences of actual space conditions including combinations of solar and cosmic radiation, space vacuum, and microgravity. A series of successful experiments performed on International Space Station (ISS) external platforms have provided insights into the evolution of organic and biological materials in space and planetary environments. 13, 14 ISS exposure experiments have included studies of biomarker stabilities including amino acids and nucleobases, as well as PAHs. 11, 15 Until recently, most of these studies relied on detailed characterization of the organic materials prior and subsequent to their space exposure period; kinetic information, apart from that gleaned from the reaction end points, is not available with this approach.
1.2. In-Situ Studies of Organic Photoreactions Using Real-Time Measurements. The ORganics Exposure in Orbit cube (OREOcube) is composed of a pair of identical 1U (smallest unit of a cubesat or its payload with dimensions of 10 × 10 × 10 cm 3 ) payload instrument packages designed for the real-time, in situ study of photochemical reactions, including kinetic data, of organic compounds and biomarkers on an ISS external platform ( Figure 1 ). In an OREOcube experiment, optically thin film samples are measured in situ using ultraviolet (UV)−visible (vis)−near-infrared (NIR) spectroscopy (230− 1000 nm) during exposure to full-spectrum solar and cosmic radiation. Samples are contained in hermetically sealed reaction cells that protect the samples from contamination until they reach outer space and can also provide relevant contacting gas environments.
OREOcube is the second generation of in situ experiments based on the space environment viability of organics (SEVO) 1U payload, which was designed for the NASA O/OREOS (Organism/ORganic Exposure to Orbital Stresses) nanosatellite. 16, 17 During the 6-month primary and 1-year extended O/OREOS mission, the photochemical processing of the PAH isoviolanthrene, the quinone anthrarufin (1,5-dihydroxyanthrarquinone), and iron tetraphenylporphyrin chloride was studied in low Earth orbit; results were autonomously telemetered to Earth. 12, 18 Expanding on the astrochemical and astrobiological studies initiated with the O/OREOS nanosatellite, the OREOcube ISS experiment is designed to investigate the roles that solid mineral surfaces play in the chemical evolution and distribution of organics in the interstellar medium, comets, meteorites, and other celestial objects. By measuring changes in the UV−vis− NIR spectra of samples as a function of time in situ, OREOcube will provide data sets that capture critical kinetic and mechanistic details of sample reactions that cannot be obtained with current ISS noninstrumented external exposure facilities. Combining in situ real-time kinetic measurements with postflight sample analysis will provide time-course studies as well as in-depth chemical analysis, enabling us to characterize and model the chemistry and material science of organic chemicals associated with mineral surfaces in astrobiological contexts. Here we describe the science background and considerations that drive the OREOcube investigation, the ISS payload system, and the technical details of the OREOcube samples. We present results concerning the preflight laboratory characterization of anthrarufin thin films layered upon ultrathin films of the iron oxides magnetite and hematite and fused silica.
1.3. OREOcube Science. The OREOcube experiment investigates the (photo)reactive properties of organic biomarkers as well as organic compounds of astrochemical importance (Table 1) in combination with potentially catalytic, mineralogically relevant metal oxides ( Table 2) . Representative compounds from four organic sample classes (amino acids, porphyrins, polycyclic aromatic hydrocarbons (PAHs), and quinones) were investigated during the O/OREOS nanosatellite mission. 16 Three of these compounds, isoviolanthrene (PAH class), iron(III)-5,10,15,20-tetraphenyl-21H,23H-porphine chloride (FeTPPCl; porphyrin class), and 1,5-dihydroxyanthraquinone (anthrarufin; quinone class) will be used as OREOcube samples. OREOcube experiments will expand the science of the space-environment processing of these species by investigating their interactions in inorganic (photo)catalysis experiments.
FeTPPCl is representative of a large class of redox-active organometallic compounds, typified by porphyrins and phthalocyanines, that enable biological processes from photosynthesis to respiration. PAHs are abundant and ubiquitous in galactic and extragalactic regions, protoplanetary disks, and solar system objects, and spectral measurements indicate the presence of a large variety of individual compounds, clusters, and PAH-related molecules. 19−21 Members of a class of redox-active aromatic molecules that play roles in biological electron-transfer processes, the quinones, have been formed in numerous laboratory simulations of UV-photolyzed interstellar and planetary ices containing PAHs. 22, 23 Anthrarufin is a partially oxidized form of 9,10-anthraquinone, which, along with other anthracene ketones, has been found in the Murchison meteorite. 24, 25 These ketones were formed in the laboratory when anthracene was oxidized by exposure to UV radiation in H 2 O ice under simulated astrophysical conditions. 22 The selected mineral substrates, including chromium oxide (Cr 2 O 3 ) and manganese oxide (MnO), have been found in carbonaceous meteorites 26 and offer clues about the evolution of the solar nebula. Cr 2 O 3 is a semiconductor, band gap ∼5 eV, 27 that exhibits photocatalytic activity. It is believed to be one of the first major minerals to condense in the solar nebula and to form grains and nucleation points. 28 Iron oxide minerals, especially magnetite (Fe 3 O 4 ) and hematite (α-Fe 2 O 3 ), are found in the martian regolith and dust. 29 Magnetite displays semimetallic conductivity 30 in addition to its magnetic properties, while Fe 2 O 3 has a band gap of about 2 eV and is a well-studied photocatalyst. 31 From an astrobiology perspective, Fe 2 O 3 represents a promising potential catalyst for organic photoreactions. Nanosized iron oxide dust particles were discovered on Mars by the Mars Express OMEGA instrument in combination with Mars Exploration rover data sets. 32 Dust nanoparticles have a high surface-to-volume ratio and can be exceptionally mobile, both important factors for catalytic activity.
Titanium dioxide (TiO 2 ) is present on the inner planets of the solar system; 33 it is a semiconductor with a 3 eV band gap and is well known for its photocatalytic activity, including the photoelectrolysis of water. 34 On Mars, titanium dioxide may likely be one of multiple important inorganic (photo)oxidants that play a role in the in situ degradation of organics, 35, 36 notwithstanding the discovery by the Mars Phoenix Mission of a significant presence of perchlorates. 37 As a mineral, iron sulfide (FeS 2 , pyrite) is found on Earth as a major component in organic-matter-bearing marine sediments. The Stardust Mission's captured cometary sample included submicrometer Fe−Ni sulfide and Fe−Ni metal particles as well as olivine and pyroxene minerals with sizes >1 μm. 38−40 Silicon dioxide and silicates represent one of the most abundant forms of silicon in the universe in the form of cosmic dust. 41, 42 Olivine, (Mg 2+ 1−x Fe 2+ x ) 2 SiO 4 , is another class of candidate OREOcube inorganic samples, namely, metal-rich silicates. Forsterite (Mg 2 SiO 4 ) and fayalite (Fe 2 SiO 4 ) are the two stoichiometry-end-members of the olivine class. Apart from its occurrence on planetary bodies such as the Moon and Mars, 43 grains of forsterite have been found in cometary samples returned by the Stardust Mission. 44 In preparation for the OREOcube experiment, we performed laboratory characterization of anthrarufin and its photochemical degradation. We show here preflight results from UVphotolysis experiments performed on thin films of anthrarufin while in contact with iron oxides as an example for organic/ inorganic thin film interactions relevant to astrochemistry and astrobiology.
1.4. OREOcube ISS Implementation. Since the principal measurement tool of OREOcube is UV−vis−NIR spectroscopy, preflight sample characterization is crucial in documenting any chemical changes that may occur between sample preparation and the initiation of space exposure as well as ensuring accurate in situ sample measurement on the ISS. 45 A typical OREOcube sample consists of optically thin films with spectral features in the 240−800 nm wavelength range. To study the most informative photochemical changes, groundbased studies have been used to determine which thin-film materials are likely to show significant changes in structure, as measured by UV−vis−NIR spectroscopy, and whether possible photoproducts can be measured in situ. Since the OREOcube samples will be retrieved at the end of the 12-to 18-month exposure experiment and returned to Earth, postflight analysis will be possible, allowing the use of complementary analytical techniques to further characterize the samples.
The suitability of a given organic thin film for the OREOcube experiment is based on its UV−visible spectrum as well as its anticipated stability/reactivity over the full duration of the OREOcube mission. Inorganic thin-film materials are being selected initially on the basis of their astrobiological and astrochemical relevance. They have been deemed suitable for flight experiments if they can be readily prepared in thin-film form on one or more of the available window materials and if their transmittance characteristics permit the recognition of the UV−vis features of the organic thin film following its deposition as an overlayer.
Current plans call for the ISS deployment of three independent sets of samples for each type of organic-oninorganic thin film. Film duplicates for independence and system-level redundancy will be exposed to space radiation, including direct solar illumination outside the ISS, while the third set of samples will be kept nearby in the dark to serve as a control.
EXPERIMENTAL DETAILS
2.1. OREOcube Science Platform. The OREOcube platform (Figure 1a ) is composed of a pair of 10 cm cubes each containing a compact UV−vis−NIR spectrometer, a 24-cell sample carousel, and the collection optics, motor, mechanical structure, and electronics that allow periodic collection, storage, and transfer of optical transmission spectra from each of the organic thin-film samples using the Sun as the light source.
The spaceflight lineage of the OREOcube spectrometer (from Aurora Design and Technology, an affiliate of Draper Laboratory, 46 The key specifications of the OREOcube payload are shown in Table  3 . To measure each sample spectrum, a carousel, driven by a stepper motor, rotates the sample cell over a collection optics assembly that focuses collimated transmitted sunlight into an all-silica optical fiber linked to the spectrometer (Figure 1b ). A poly(tetrafluoroethylene) optical diffuser broadens the acceptance angle of the optical system to more than 10°from normal solar incidence while ensuring that the measured portion of the organic film is uniformly illuminated. A variable-density filter in front of the linear charge-coupled-device (CCD) array detectors and a UV-response-enhancing coating on the CCDs combine to enhance the relative sensitivity in the NIR and UV ranges where solar intensity is low. Integrated circuit and optical pyrometer temperature sensors periodically monitor the respective temperatures of the spectrometer and sample carousel.
OREOcube Samples and Sample Cells.
The OREOcube experiments will use combinations of the materials listed in Tables 1  and 2 to examine the effects of inorganic/organic interfaces that may play an important role in the (photo)chemistry of organics on interplanetary/interstellar dust grains, comets, and other large-and small-body surfaces. Because surface morphology and particle size can have large impacts on photochemical processes, the inorganic materials (Table 2) are first deposited as either continuous or discontinuous optically thin films. Typically, discontinuous films are composed of high-surface-area islands or clusters that can display different photochemical properties than continuous films. Control of P O 2 and P H 2 O in the deposition chamber along with postdeposition processing allows the extent of inorganic oxide formation to be controlled for metals. A given organic thin film is then thermally deposited by vacuum sublimation on top of the inorganic thin film using a separate high-vacuum chamber enclosed in a glovebox. The film thickness, which varies by sample type, is monitored during deposition using a quartz crystal microbalance (QCM). The desired final sample thickness depends on the UV or visible light absorbance: generally, a range of 0.3 to 0.6 absorbance units (AU), i.e., 50−25% transmittance, is chosen for the primary absorption or the absorption feature of greatest interest.
OREOcube sample cells (Figure 1b,c) are constructed from a stainless-steel spacer ring (9 mm outer diameter × 4.5 mm inner diameter × 3 mm height) and MgF 2 , sapphire, or fused silica windows. The sample cell headspace gas composition, including the partial pressure of water vapor, is established by hermetically sealing the sample cells at room temperature in a controlled-atmosphere glovebox. 16 The water content in the reaction cell during radiolysis can be controlled by directly binding water in the sample matrix or by controlling P H 2 O in the sample cell by including a hydrated salt retained on the side wall of the reaction cell as demonstrated for O/OREOS-SEVO. 16 Spectra of cells with no sample and direct solar spectra (not passing through any cell prior to entering the collection optics) serve as spectral blanks and references.
The Figure 2 . Irradiance of solar simulation experiment (green) in comparison to AM0 solar irradiance (blue, solar irradiance data from May 13, 2010 as recorded by the SORCE mission 49 at ISS) and computed irradiance on Mars at two latitudes, 0°N (red) and 40°N (yellow). 48 radiation path relative to the inorganic/organic film structure. After the deposition of an optically thin inorganic sample (Table 2) , the organic thin film sample (Table 1) is deposited on top of the inorganic. Thus, for cells with the sample window mounted on the top side, after passing through the sample window, photons impinge on the inorganic film before interacting with the organic film. Conversely, for cells with sample windows mounted on the bottom side of the carousel, photons first pass through the uncoated window and impinge on the organic film (which is deposited over the inorganic film).
Film Preparation and Laboratory UV Exposure.
Preflight laboratory experiments were performed with a subset of inorganic and organic thin-film candidates. We present below the results from experiments conducted with iron oxide thin films in combination with a thin film of the quinone anthrarufin. Iron oxide films were prepared for laboratory studies by the physical vapor deposition of metallic iron (99.99+%, Sigma-Aldrich, St. Louis, MO, USA) in a high-vacuum deposition chamber (∼1 × 10 −4 Pa). After deposition, the films were converted to magnetite or hematite by heating for 4 h in the presence of an oxygen atmosphere at 175 or 575°C, respectively. 47 The thickness of the iron films prior to oxidation was 2 nm, hence stoichiometries and (bulk) densities dictate that the thickness of both magnetite and hematite films is ∼4 nm as a result of the quantitative oxidation of the Fe. Anthrarufin thin films (51 nm) were deposited as described above either on uncoated fused silica (SiO 2 ) or on top of hematite or magnetite deposited on SiO 2 . Anthrarufin (Sigma-Aldrich) was prepurified by heating under vacuum prior to film deposition.
UV exposure was performed using a Hanovia 1000 W Xe arc lamp with an IR water filter to prevent sample heating. The inorganic/ organic films were exposed, as a single lot, in a sample chamber with a Suprasil fused silica optical port. Sample windows were positioned with the films facing the light source so that light first passed through the organic film, then the inorganic film, and finally the fused silica window. An 800 Pa CO 2 (99.99%) atmosphere, with a mass-flowcontrolled 0.15 cm 3 /min flow rate, was maintained using an oil-free diaphragm pump. The dew point was held between −50 and −60°C (P H 2 O ≈ 2−6 Pa). To obtain UV−vis spectra, our laboratory setup required that the samples be removed temporarily from the CO 2purged chamber and exposed to laboratory air; they were then returned to the CO 2 chamber to continue irradiation. The overall objective of these experiments was to examine UV photolysis under Mars-relevant conditions (i.e., Mars P CO 2 and P H 2 O in combination with iron oxide interactions) as selection criteria for OREOcube ISS samples.
2.4. Characterization of the UV Lamp with Comparison to Mars and ISS Solar Flux. Figure 2 shows the UV output of the laboratory Xe lamp over the range of 180 to 400 nm compared to the UV solar flux in Mars' equatorial regions (0 and 40°) as modeled by Patel et al., 48 along with the expected flux for the OREOcube experiment at the ISS. 49 The integrated (200−400 nm) UV flux during the laboratory exposures was 62 ± 0.5 W/m 2 compared to ∼44 W/m 2 for Mars at the equator and ∼108 W/m 2 for an AM0 solar spectrum outside Earth's atmosphere. The solar simulator has no substantial flux below 247 nm.
LABORATORY RESULTS AND DISCUSSION
3.1. Spectra of As-Deposited Films. The optical transmission characteristics of iron oxide thin films were determined to evaluate their suitability for the OREOcube flight experiments. They were determined to be consistent with those previously reported in the literature and to have sufficient transmission for the space experiment (see Figure 3 ). 50 The two main peaks (∼250 and ∼400 nm) in the UV−vis spectrum of hematite are attributed to charge-transfer bands, resulting from electron transfer from the O 2p to Fe 3d orbital. The shoulder at ∼525 nm and weaker features between ∼450 and ∼550 nm are attributed to ligand-field transitions. 51−53 UV−vis spectra of anthrarufin show characteristic peaks at 230 nm as well as at 295 nm. 18 A broader peak between 400 and 490 nm with subfeatures at 425 and 460 nm is also visible. Absorption bands at 230 nm (including a small shoulder at 272 nm) and in the 400−490 nm wavelength range are attributed to π → π*, HOMO to LUMO (highest occupied to lowest unoccupied molecular orbital), transitions and can be assigned to the benzenoid and quinonoid systems of the molecule. These transitions are oriented along the long axis of the molecule 54 and are common spectral features of anthraquinone compounds. 55 The band at 295 nm also stems from π → π* transitions with a major contribution from the −OH substituents; it is directed along the short axis of the molecule. 54 As shown in Figure 3 , the absorptivities of the anthrarufin bands for the films supported on hematite and magnetite are, in the 200−500 nm wavelength region, up to 3 times larger than those of anthrarufin films, of the same thickness, on fused silica. Nonetheless, the spectral features can be clearly discerned in all samples. Figure 3 also shows the spectra of anthrarufin on silica scaled and summed with both the hematite and magnetite spectra, compared to the spectra of the multilayer films (all supported by fused silica substrates). The coadded and scaled fit to a model (dotted curves, see eq 1) that accounts for a steady-state photolysis rate whenever the samples are illuminated plus a step change in absorbance each time the samples are exposed (transiently) to air. Solid straight lines represent calculated changes in the percentage peak area derived from the first term of the model (eq 1), which takes into account only the linearwith-time steady-state photolysis reaction and not the observed step degradation caused by each air exposure. anthrarufin-plus-iron oxide spectra have noticeable differences from the actual spectra of the composite thin films. Band positions and relative intensities for anthrarufin appear altered, with the most obvious alterations being in the spectrum of anthrarufin on hematite. For instance, the main anthrarufin bands at ∼230 and 295 nm exhibit small shifts toward longer wavelength, ∼ 2 nm for anthrarufin on magnetite and ∼4 nm for anthrarufin on hematite, relative to anthrarufin on a pure SiO 2 surface.
The spectral differences among the three sample types occur in overall absorptivity as well as peak shape and position. The most prominent observed difference between anthrarufin on fused silica and anthrarufin on iron oxides is the increased (by more than a factor of 2) overall absorptivity of the latter. It is known that iron oxides form charge-transfer complexes with organic molecules that can result in increased molar absorptivity. 56 Similar effects have been observed with fluorophores, for which the fluorescence intensity increases due to close-proximity interactions with metal or semiconducting surfaces or nanoparticles. 57 While we cannot entirely rule out thin-film optical effects that could enhance the apparent absorptivity of anthrarufin, 58 peak shifts, as observed for anthrarufin on magnetite and hematite, have been reported to be caused by the conjugation between chromophores and substrates 56 and therefore indicate, in this case, small modifications in their molecular orbital energy levels as well as absorptivities. 59 3.2. UV−Visible Photolysis of One-and Two-Layer Films. Both types of iron oxide thin films were subjected to simulated solar exposure for 493 h, corresponding to a total UV dose (200−400 nm) of ∼110 MJ/m 2 . No spectral change in either hematite (α-Fe 2 O 3 ) or magnetite (Fe 3 O 4 ) was observed over the duration of this irradiation.
UV−vis spectra of anthrarufin on bare fused silica substrates as well as on magnetite and hematite films supported on fused silica were recorded as a function of time over a period of nearly 500 h of simulated solar exposure. Figure 4 illustrates, qualitatively, the general time-dependent spectral changes in the thin-film absorbance spectra for anthrarufin and anthrarufin/iron oxide film bilayers. A more quantitative analysis follows in the context of reaction rates.
In order to analyze in greater detail the kinetic behavior of anthrarufin with and without underlying iron oxide films, spectral changes were compared by means of integrated absorbance peak areas and absorbance peak heights as a function of time. Peak area was found to be the more robust parameter for monitoring anthrarufin degradation rates under simulated solar exposure. Relative changes in the peak area of the main anthrarufin feature near 300 nm vs time are shown in Figure 5 . Data from two independent sample sets for each anthrarufin/iron oxide combination, as well as for anthrarufin alone, are displayed.
To understand and explain the complex kinetic behavior shown in Figure 5 , averaged data (open symbols) of the two samples per material type were fitted to a two-parameter model that describes the steady-state photolysis of the organic thin film whenever the samples are illuminated as well as a step effect that we ascribe to each of the multiple exposures of the samples to air over the course of the measurement. (The experimental setup does not permit the collection of UV−vis spectra in situ under the CO 2 atmosphere; thus, samples were briefly exposed to air each time spectra were recorded.) We postulated such a model because the time dependence of the absorbance data of Figure 5 appears to indicate larger amounts of photolysis when air exposure is more frequent. This suggested that a second parameter in addition to the steadystate photolysis term would be required to account for the effect of air exposure. The postulated relationship among the change in integrated normalized absorbance peak area at 300 nm, ΔA 300 , cumulative exposure time, t, steady-state photolysis rate, r, and total number of air exposures, n, is modeled as
where Δa is the incremental absorbance step change associated with each air exposure, r is the (constant) rate of absorbance change due to photolysis whenever the samples are illuminated (independent of the number of previous air exposures), and Δa setup is a one-time step change in absorbance that occurred due to an optical alignment issue at t = 386 h (Δa setup = 0 for t < 386 h; Δa setup is a constant specific to each sample for all t > 386 h with Δa setup < 0.06 for all samples). The values of parameters Δa and r were determined by linear least-squares fitting.
The results in Figure 5 are reasonably well fit by the model (smooth dotted lines). The comparatively more rapid photolysis subsequent to each air exposure is consistent with a process that involves a component of air, presumably either H 2 O or O 2 , which would have to react with or chemisorb on (in) the organic film during air exposure and either cause an immediate loss of absorbance or remain in/on the film long enough to cause accelerated photolysis once illumination resumed. Both species are also present, albeit at much lower concentrations, in the high-purity CO 2 in which the photolysis was conducted (P H 2 O ≈ 2−6 Pa; P O 2 < 0.5 Pa). Thus, a single mechanism and rate-limiting species could be responsible for both steady-state photolysis and rapid, steplike changes in absorbance each time the films were photolyzed just after exposure to laboratory air.
Significant kinetic differences are observed in Figure 5 as a function of time and the identities of the photolyzed samples. The initial rates of change in all samples in the 0−10 h time frame are strongly influenced by the effects of multiple air exposure. Major differences during this period between film types are difficult to determine due to intersample variability. The rapid initial degradation is followed, beginning at t ≈ 10 h, by a slower overall rate of change for all three film types due to less frequent exposure to air. From t = 10−386 h of irradiation, steady-state UV photolysis dominates the degradation process. After t = 386 h, measurements were made again more frequently, hence there was more frequent exposure of the samples to laboratory air, and a noticeable increase in the degradation rate is clearly visible for all three film types. (It was this observation that led us to the model described by eq 1.)
As noted in section 3.1 and shown in Figure 3 , the peak area for the same thickness of anthrarufin depends strongly on the underlying substrate. Therefore, in order to illustrate the relative rates of degradation of anthrarufin with and without underlying iron oxide films, the data of Figure 5 are plotted as the percent change in integrated peak areas relative to the initial unphotolyzed peak area for each sample. Also shown in Figure  5 (solid lines) are linear fits, based solely on the first term of eq 1 (rt), that represent the modeled photolysis of anthrarufin absorbance on fused silica, magnetite, and hematite without the effects of air exposure. Overall, our data show that anthrarufin on silica is photolyzed more rapidly than films with an iron Langmuir Article dx.doi.org/10.1021/la501203g | Langmuir 2014, 30, 13217−13227 oxide substrate; anthrarufin on fused silica degrades about 1.2 times faster than anthrarufin on iron oxide substrates when only the rate of photolysis during the periods without air exposure is considered.
The photodegradation of anthraquinones has been explained via a two-step process by Ossowski and co-workers: 60 an electron-capture process is followed by oxygen reactions with the semiquinone anion radical thus formed. Like other metal oxides, the iron oxide layers could act as an electron buffer, 59 quenching the formation of the semiquinone anion radical and therefore slowing the degradation process. The interactions of anthrarufin with its iron oxide substrates, apparent in the band shifts of Figure 3 , are consistent with this photolysis protection mechanism. (The enhanced absorptivity of the iron oxidesupported films is likely additional evidence of this interaction, although it could result in part from thin-film optical effects. 58 )
The experiments reported here demonstrate intriguing differences in kinetics for anthrarufin thin films as a consequence of their underlying substrates. The results of Figure 5 highlight the power of time-resolved spectral measurements that record not only starting and ending points but also dynamic changes and alteration rates. The groundbased experimental data presented here were recorded at varying intervals by manual procedures. Air exposure of the samples during UV−vis measurements was unavoidable for our laboratory setup, but even this constraint resulted in an interesting kinetic effect that differentiates the three sample types, as revealed by the analysis of Figure 5 . For OREOcube on the ISS, in situ spectral measurements will be obtained under space radiation environment conditions (UV and particle) without intervening air exposures; the experiment will be fully autonomous and remotely controlled.
CONCLUSIONS AND SUMMARY
The capability to measure in situ the changes in samples exposed to space radiation as a function of time in low Earth orbit confers significant advantages relative to laboratory simulators and more basic ISS exposure facilities for which sample measurements are made on Earth prior to and at the conclusion of a space mission. OREOcube will be the first of a new generation of experiments to combine both autonomous and in situ measurement technologies to characterize organic and mineral thin films, individually and as layered composites, on the ISS with the advantages of postexposure sample return allowing further analyses.
In preparation for the OREOcube spaceflight experiment aboard ISS (tentative launch schedule 2015), preliminary ground-based research on the photochemistry of anthrarufin in contact with hematite and magnetite thin films shows the practicality of the study of bilayer thin films using the methodology outlined here. Anthrarufin and iron oxide thin films interact strongly in terms of electronic structure, apparent in altered spectral features and overall absorptivity relative to anthrarufin supported on fused silica substrates. Our experimental results show that the photolytic degradation of anthrarufin on iron oxides is comparatively slower than that of anthrarufin on fused silica substrates. Hence, instead of a catalytic effect, iron oxides display a photolysis-inhibiting effect, which is most likely due to their electron-buffering capability. This effect decelerates the oxidation of anthrarufin by quenching free-electron production and anion formation. The detailed kinetic results obtained and analyzed highlight the potential of time-resolved in situ measurements to elucidate mechanistic photodegradation details for exposure experiments in space. The interactions of organic molecules with inorganic surfaces and their potential catalytic and/or inhibiting action are of great interest to the astrochemistry and astrobiology communities. Coupling such experiments with sample return and in-depth analysis in terrestrial laboratories to further elucidate the degradation end products of thin film photolysis will amplify the insight gained from such space-based exposure studies. 
